JR. Metabolism of CWabeled
substrates by rabbit kidney cortex and medulla.
Am. J. Physiol. 203 I N ADDITION to its extensively studied role in the maintenance of fluid and electrolyte homeostasis, the kidney has been recognized for many years as a locus of many important metabolic processes. In addition to a high rate of aerobic metabolism (I) the kidney cortex is an active site of glucose formation (2) (3) (4) , deamination (5), and fatty acid utilization (6). In contrast, the metabolism of kid&y medulla has received little attention although recent evidence (7, 8) has supported earlier findings Received for publication I 8 December I g6 I. 1 These studies have been supported in part by grants from the National Institutes of Health (A-I g, C-I I ; H-4569, C-3; zA-5 I 00, C-4). 6 and 7 lb were fed ad libitum on Purina rabbit pellets providing a daily sodium and potassium intake of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and 70-80 mEq, respectively. They were killed by a blow on the head, exsanguinated, and the kidneys rapidly removed, decapsulated, and placed in ice-cold isotonic saline. Each kidney was quartered and the cortex separated from medulla by scissor dissection through the cortical-medullary junction. The '(medulla" represented about 80 % of the renal papilla and about 20% of the inner zone of the outer medulla (Fig. I ) . Slices of cortex and medulla were made with a Stadie-Riggs microtome and soaked in ice-cold isotonic saline for I o min. The outermost cortical slice was discarded and 1-g portions of randomly distributed cortical slices were placed in 125-ml Erlenmeyer flasks containing 12 ml of Krebs-Ringer bicarbonate medium with substrate; between 250 and 500 mg of medullary slices from the same kidney were placed in 6 ml of the identical medium in 50-ml flasks. Before use, the albumin-containing medium was dialyzed for 48 hr against three tenfold volumes of buffer to remove such substances as acetate used in purification of the albumin. Uniformly labeled glucose-C14, fructose-(214, mannose-C14, and sorbitol-CY4; glucose-I -and 6-CY4; glycerol-r -3-C14; palmitate-1 -and I I-C14; and pyruvate-r -and 2-G4 were obtained from the New England Nuclear Corporation.
The flasks containing medium and slices were equilibrated for IO min with g5 % 02-5 % CO2 or in some instances with g5 % Ns-5 % COs giving a medium pH of 7.4. The tissue slices were shaken in an Eberbach apparatus for go min at 38 C at approximately 75 oscillations/min.
Analyses
Chemical. After incubation, the slices were removed and digested in hot 30% KOH, and the glycogen was precipitated from hot 65% ethanolic solution according to the method of Good et al. (I I). The glycogen was then hydrolyzed to glucose in 5 N H&S04 for 30 min at IOO C, the hydrolysate neutralized with NaOH, and the glucose content determined by the method of Nelson (12) . Initial glycogen was determined in a portion of nonincubated slices, and both initial and final glycogen values were expressed as glucose equivalents (pmoles of glycogen glucose/g wet tissue). An aliquot of the alkaline digest was extracted with petroleum ether before and after acidification, and fatty acid and nonsaponifiable lipid were determined in tared flasks (I 3). Medium glucose was determined before and after incubation (I 2) and after deproteinization by the method of Somogyi (14). The glucose oxidase method (15) was used in experiments where it was necessary to show the specific FIG. 1. Sagittal section of rabbit kidney. Slices were prepared from cortex (C) and from the inner medulla (papilla) and inner zone of outer medulla, termed "medullary" (M).
contribution of glucose to the total Somogyi-Nelson reducing substance. Fructose was determined by the resorcinol reaction from the method of Higashi and Peters (16) and was found to agree closely with the reducing substance after glucose oxidase. Pyruvate was measured according to Friedemann and Haugen (I 7) and sorbitol and glycerol by calorimetric determination with chromotropic acid after periodate oxidation (18). Free fatty acids were determined after iso-octane acetic acid extraction of the medium according to Dole and Meinertz (I 9) . Medium lactate was determined by commercial lactic dehydrogenase kits (Boehringer). Isotopic. Glucose carrier (20 mg) was added to the glycogen hydrolysate; the glucose phenylosazone was prepared, recrystallized from hot ethanol, washed, and plated on weighed stainless steel planchets (20) ; and radioactivity was determined in a thin-window proportional flow counter (2 I) . Initial glucose specific activity was determined in a similar manner.
The radioactivity in fructose and mannose was similarly determined as the osazone, in pyruvate as the 2, 4 dinitrophenylhydrazone (22) , and in sorbitol and glycerol as the formaldimedone (23) after oxidation with periodic acid. Initial palmitate specific activity was determined directly on weighed planchets; suitable correction was made for self-absorption. The specific activity of COs was determined by acidification of the medium, collection of evolved COs in I-N NaOH, and conversion to BaCOs for plating and counting.
A portion of the final tissue fatty acid was transferred from tared flasks to weighed planchets and its radioactivity determined as previously described (24). The incorporation of radioactivity into nonsaponifiable lipid was negligible, and these results are not included in most experiments.
RESULTS
There was no change in the gross appearance of the slices of kidney cortex and medulla during the go min of incubation. Cortical slices lost mg and medullary slices 50-100 mg wet weight during this period. The initial medium pH of 7.4 did not change significantly by the end of incubation.
Experiments with Uniformly Labeled Glucose-Q4 Table I shows that the initial concentration of glycogen in kidney medulla was twice that of cortex, and after incubation with glucose this relationship was maintained with no change in medullary glycogen and only a figure " 02") or 95 y0 N2 : 5 y0 CO2 (labeled in figure " NZ").
slight fall in cortical glycogen. Figure  z shows that glycogen in kidney cortex fell to a slight degree in an oxygen atmosphere and to extremely low levels in a nitrogen atmosphere, changes which were relatively independent of the presence of medium glucose. In kidney medulla (Fig. 3) , there was a marked decrease in glycogen under both oxygen and nitrogen in the absence of substrate. However, in the presence of glucose, there was no significant fall in medullary glycogen after incubation with oxygen and orily a 50% fall with nitrogen. Thus maintenance of the glycogen content in kidney cortex was more dependent on the presence of oxygen than medium glucose, whereas in medulla there was a much greater dependence on the availability of glucose to preserve initial glycogen concentration.
In the absence of medium glucose (Figs. z, 3) lactate production was equal in kidney cortex and medulla and rose about 5 pmoles/g on anaerobic incubation. In the presence of glucose, lactate production in medulla was over twice that of cortex and doubled in both tissues on anaerobic incubation to an average of 37.3 pmoles/g in medulla and 15.6 pmoles/g in cortex. There was a much greater disappearance of medium glucose in medulla as compared to cortex, and this became more marked under anaerobic conditions. Table 2 illustrates that the concentration of saponifiable lipid in kidney cortex was significantly greater than that in medulla (P < 0.001 ) and slightly less than that in liver. There was no significant difference in the concentration of nonsaponifiable lipid. During incubation, both cortex and medulla lost approximately 3 mg saponifiable lipid per gram of slices. The incorporation of glucose-U-Cl4 into carbon dioxide, glycogen, and fatty acid is shown in Fig. 4 . The oxidation of glucose in cortex was 4.8 + 0.3 pmoles/g wet weight, whereas medulla averaged 3.3 =I= 0.2 pmoles/g wet weight, a statistically significant difference (P < 0.00 I). Glucose incorporation into carbon dioxide in rabbit liver was found to be 3. weight. Although the oxidation of glucose was slightly less in medulla than cortex, the metabolism of glucose to glycogen in medulla was over three times that of cortex. Thus the unchanged concentration of glycogen in medulla at the end of incubation in the presence of medium glucose was associated with a large increase in the incorporation of glucose into medullary glycogen (I .o I =t 0.74 pmoles/g wet weight), indicating a more rapid rate of glycogen turnover in medulla as compared to cortex. In fact, the average incorporation of glucose into mcdullary glycogen was almost twice that of simultaneously incubated rabbit liver (0~57 Z!Z 0.21 pmole/g wet weight).
The metabolism of glucose into fatty acid in medulla (0.014 =t 0.00 I pmole/g wet weight) was about twice that of cortex (0.007 zt 0.001 pmole/g wet weight)
but much less than that of liver (0.85 & 0.26 pmole/g wet weight). Although not shbwn, the results of anaerobic incubation on the incorporation of glucose into carbon dioxide, glycogen, and fatty acid revealed a marked decrease in all parameters.
Exfwiments with SpeciJically Labeled Glucose-C14 Table 3 illustrates the results in incubation of rabbit kidney cortex, medulla, and simultaneously incubated liver with glucose-&14 and glucose-6-C14. There was a slight but consistent increase in oxidation of glucose-~ -Cl4 above glucose-6-Cl4 in all three tissues, with the greatest increase in liver (2.0 pmoles/g wet wt.) as compared to cortex (0.8 pmole/g wet wt.) and medulla (0.7 kmole/g wet wt.
). There was no significant difference in the incorporation of glucose-r-Cl4 or glucose-6-Cl4 into either cortical or medullary glycogen and fatty acid. However, as reported many times previously, the incorporation of glucose-6-Cl4 into hepatic fatty acid was greater than that of glucose-I-CY4.
Experiments with Uniformly Labeled Fructose-Q4, Sorbitol-Cl4 > and Mannose-Cl4 Figure 5 illustrates the disappearance of various substrates incubated with kidney cortex and medulla. The shaded areas represent glucose production.
It is evident that although glucose production usually occurred to varying degrees in kidney cortex even in the absence of substrate, glucose production was never observed with kidney medulla.
In addition, the disappearance of all substrates tested was far less in medulla than cortex with the notable exceptions of glucose and mannose. Glucose disappearance in medulla was 25.2 pmoles/g tissue as compared with 16.8 pmoles/g tissue in cortex (P < 0.001); mannose utilization was approximately the same.5 Fructose disappearance was 64 f 3 pmoles/g wet weight in cortex, representing a greater than 50% fall in initial fructose content, of which over half could be accounted for by glucose production (37 f 4 pmoles/g wet wt). In contrast, the disappearance of fructose in medulla was IO f 3 pmoles/g wet weight with no glucose production.
Sorbitol disappearance was only IO f I pmoles/g wet weight in cortex and I .o f I pmole/g wet weight in medulla. Figure 6 shows that the initial concentration of glycogen in kidney cortex fell approximately 0.50 pmole/g tissue after incubation in buffer alone, a decrease which was little affected by the presence of various substrates s Glucose utilization in cortex may be significantly greater than observed since final medium glucose will reflect both disappearance and production. Table  4 . In cortex, the metabolism of fructose to carbon dioxide was 9.8 f 0.6 pmoles/g wet weight, which was twice that of glucose and three times that of sorbitol; in medulla, fructose oxidation was significantly less (P < 0.005) than that of glucose but remained much greater than that of sorbitol. Although the incorporation of fructose into glycogen and fatty acid was greater than that of glucose in cortex, the incorporation of fructose into glycogen and fatty acid was significantly less than that of glucose in medulla.
Mannose metabolism into COZ, glycogen, and fatty acid was similar to that of glucose in cortex and only slightly less than glucose in medulla.
Exkeriments with Glycerol-r, 3-Cl4 medulla, the incorporation of glucose into medullary glycogen in this instance was three times that of liver, again indicating the extremely rapid turnover of glycogen in medulla.
Glycerol incorporation into liver glycogen was small and similar to that of kidney medulla.
In kidney cortex, glycerol metabolism to CO2 was twice that of glucose in micromoles of substrate oxidized per go min; expressed in terms of glucose equivalents (pmoles glycerol/s) glycerol oxidation was about equal to that of glucose. However, in kidney medulla glycerol incorporation into CO2 was negligible.
The incorporation of glycerol into fatty acid was greater than that of glucose in kidney cortex, medulla, and liver. When compared to incubation with glycerol alone, the presence of equimolar amounts of unlabeled glucose was accompanied by a decreased incorporation of labeled glycerol into COZ, glycogen, and fatty acid in kidney cortex, but not in liver. In the presence of unlabeled glycerol, glucose oxidation and incorporation into fatty acid and nonsaponifiable lipid were decreased in both kidney cortex and liver when compared to the metabolism of glucose alone. Similarly, labeled glucose uptake, greater in medulla than cortex, was less in kidney cortex and liver in the presence of glycerol.
However, the incorporation of labeled glycerol into glucose showed a slight increase in the presence of unlabeled glucose. In the presence of glucose alone, medium glucose decreased with kidney cortex and medulla, but not with liver; with glycerol present, there was net glucose production with kidney cortex and liver, but not with medulla.
Medium glycerol decreased to a lesser extent in medulla than in cortex.
Experiments with Pyruvate-CA4
The metabolism of pyruvate-r -Cl4 and pyruvate-2-U4 is shown in Table 6 . Again medullary glycogen fell to low levels with pyruvate alone but was well maintained when glucose was also present in the medium. In the absence of glucose, the oxidation of pyruvate-r -Cl4 was over 1.5 times that of pyruvate-2-C14 in cortex, whereas the incorporation of pyruvate-z-U4 into glycogen and fatty acid was greater than pyruvate-r-Cl'.
In medulla, however, the oxidation of pyruvate+ and 2-C14 were approximately equal. Added glucose had no consistent effect on pyruvate oxidation in cortex or medulla. The incorporation of pyruvate-I -and 2-Cl4 into medullary glycogen was negligible but was increased significantly upon addition of glucose. Pyruvate-2-CY4 incorporation into fatty acid was greater than pyruvate-r-Cl4 in both cortex and medulla and was unaffected by glucose addition.
Lactate production was greater in cortex and medulla in the presence of both pyruvate and glucose than with pyruvate alone, whereas net pyruvate disappearance, twice as great in cortex as medulla, showed no change on addition of glucose to the medium. Net glucose production was evident in cortex, but again not in medulla when incubated with pyruvate alone;
3"
in the presence of added glucose, net glucose disappearance in medulla was twice that of cortex.
Experiments with ?'almitate4T4
The results of incubation of kidney cortex, medulla, and liver with palmitate-r -Cl4 and palmitate-I T -Cl4 in the presence of glucose are shown in Table  7 with kidney cortex to a much greater degree than with liver; but, in contrast to both, there was a net increase in titratable free fatty acid with medulla.
In an effort to determine whether glucose or palmitate is preferentially 'metabolized by cortex and medulla, incubations were performed with labeled palmitate alone and in the presence of unlabeled glucose and with labeled glucose alone and in the presence of unlabeled palmitate (Table 8) . Albumin was not added to one of the incubations with glucose in order to determine any Medulla G* (Albumin free) G* G"P P" P*G G* (Albumin free) G* G*P P* P*G G* (Albumin free) G* G*P P" P*G G* (Albumin free) G" G*P P" P*G The oxidation of palmitate to CO2 was in glucose disappearance in cortex and medulla upon much greater in cortex than medulla and was unchanged addition of palmitate. In contrast, there was no effect in both tissues upon addition of unlabeled glucose, on fatty acid disappearance in cortex and medulla when IO mM. The oxidation of glucose to CO2 in medulla was glucose was added to the medium. Fatty acid disappearnot altered upon addition of albumin (4.5 g/roe ml) ance was again much greater in cortex than medulla, or of albumin with palmitate, I .8 mM. In cortex, howthe latter tissue showing a negligible net change.
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DISCUSSION
The present studies illustrate certain important differences in the metabolic activity of kidney cortex and medulla. The initial glycogen concentration of medulla was twice that of cortex and under aerobic conditions was maintained at approximately initial values, but only when glucose was present in the medium. The large incorporation of glucose into medullary glycogen demonstrates the extremely rapid turnover of glycogen in kidney medulla as compared with cortex, where glycogen concentration was unaffected by the presence of a variety of substrates including glucose. Figure 7 illustrates that the glycogen in rabbit kidney medulla is contained chiefly in the collecting duct with the greatest concentration at the papillary tip. This is in agreement with findings by Spicer (25) , who has demonstrated a large amount of collecting duct glycogen in rabbit and monkey but, interestingly, none in dog, mouse, or guinea pig.
In 1928, Gyijrgy et al. (9) demonstrated a high rate of anaerobic glycolysis (Qg&) in medulla, which was confirmed by Dickens and Weil-Malherbe (IO), who noted the respiratory quotient to be about 0.99. Both in vivo (26) and in vitro (7, 8, 27 ) studies have repeatedly shown that the oxygen consumption (QE&) of medulla is about one-sixth that of cortex, whereas anaerobic glycolysis in inner medulla is about four times that of cortex. Studies by Lilienfield et al. (28) have revealed that the hematocrit in inner medulla may be as low as 8%, and Rennie and co-workers (29) have demonstrated that urine issuing from the renal papilla has an extremely low oxygen tension which cannot be explained by the existence of a diffusion gradient across renal tubular cells. Recently, Cohen (30) has demonstrated a high respiratory quotient of dog kidney in vivo, which he interpreted as suggestive of coupled anaerobic oxidation-reductions yielding CO1. Furthermore, by IW. 7 . Photomicrograph of cells of collecting duct in rabbit renal papilla stained by periodic-acid-Schiff before (A) and after (B) exposure to diastase, thus confirming the staining intensity in the tubular cells before enzyme treatment as glycogen.
direct oximetry, Kramer et al. (31) have shown that the blood of inner medulla has a low oxygen saturation as compared to outer medulla and cortex. From these observations it is extremely likely that kidney medulla in vivo derives a major portion of its energy from anaerobic pathways. Recent studies (32) (33) (34) (35) have demonstrated the collecting duct to be a locus of sodium reabsorption, hydrogen ion and potassium secretion, and ammonia production in addition to its now well-accepted role in the countercurrent multiplier system of urinary concentration. In this system sodium transport is believed to occur in the ascending limbs of the loops of Henle. The present study indicates that the major energy source for such processes may be glucose, which, at least in certain species, rapidly equilibrates with glycogen in the cells of the collecting duct and, under the anaerobic conditions presumably present in the intact animal, is readily metabolized to lactic acid. This is illustrated by the striking rise in lactic acid production and glucose utilization in medulla as compared to cortex when the incubations were carried out under anaerobic conditions. Although anaerobic glycolysis may represent the predominant pathway in kidney medulla, its limited capacity to oxidize various substrates may represent means whereby medulla can augment the relatively inefficient energy source of pure anaerobic glycolysis. In addition it has been shown (unpublished observations) that increases in medium osmolality to 1,000 mOs/kg Hz0 by the addition of sodium and sucrose, but not urea, result in increased glucose oxidation and decreased lactate production in medulla incubated aerobically. These findings support the hypothesis that kidney medulla may respond to extracellular environmental change by utilizing aerobic pathways as well as by an increase in anaerobic glycolysis. By contrast, the glycogen content of cortex, which is distributed chiefly in the distal portion of the proximal convoluted tubules (36), was extremely low and displayed a much lower turnover rate as reflected by the smaller amount of glucose incorporation into glycogen. Under anaerobic conditions, lactate formation was moderately increased in cortex but remained less than half that of simultaneously incubated medulla.
With the exception of glucose, the in vitro metabolism of kidney cortex aerobically (a condition resembling that in vivo) was much more active than medulla. As has been shown, glucose oxidation was only slightly lower in medulla, whereas its incorporation into glycogen and fatty acid was significantly greater than cortex. It has been estimated (37) that glucose oxidation in cortex can account for about only I I % of the total renal oxygen consumption, although it is well known that extremely large quantities of glucose are actively reabsorbed in the proximal convoluted tubule of cortex. Chinard et al. (38) the oxidation of fatty acid is the principal whereas the oxidation of fatty acid is the principal energy-yielding process in the highly aerobic metabolism energy-yielding process in the highly aerobic metabolism of kidney cortex. of kidney cortex.
